The BCL2 family of proteins regulates cellular life and death decisions. Among BCL2 family members, BH3-only proteins have critical roles by neutralizing antiapoptotic family members, as well as directly activating BAX and BAK. Despite widespread occurrence of BH3-only protein upregulation in response to various stresses, this process is rarely quantified. Moreover, it is unclear whether all BH3-only proteins are equipotent at inducing cell death. Here we show that BH3-only proteins increase as much as 15-to 20-fold after various treatments and define a parameter, termed BH3-only tolerance, which measures how many copies of a particular BH3-only protein can be expressed before the majority of cells in a population undergo apoptosis. We not only assess the relative contributions of anti-and proapoptotic BCL2 family members to BH3-only tolerance, but also illustrate how the study of this parameter can be used to understand cellular sensitivity to anticancer drugs and new combinations. These observations provide a new quantitative framework for assessing apoptotic susceptibility under various conditions.
The intrinsic apoptotic pathway has an important role in the response to various stresses. In particular, this pathway contributes to cellular demise during embryogenesis 1,2 and after DNA damage, loss of cytokine-or adhesion-induced signaling, or exposure to various chemotherapeutic agents. [3] [4] [5] [6] Conversely, inhibition of the intrinsic pathway through elevated expression of antiapoptotic BCL2 family members 7, 8 or loss of proapoptotic pathway components [8] [9] [10] [11] [12] contributes to neoplastic transformation. 13, 14 Whether a specific cell will live or die reflects, in part, the balance between these pro-and antiapoptotic BCL2 family members. 15, 16 Upon activation, the proapoptotic family members BAK and BAX can breach the mitochondrial outer membrane (MOM), leading to cytochrome c release, caspase 9 activation and subsequent apoptotic events. Genetic 2,17 as well as biochemical experiments [18] [19] [20] [21] [22] [23] have indicated that the BH3-only proteins BIM, PUMA, a protease generated BID fragment (tBID), and, in some studies, NOXA can directly bind and activate BAK and/or BAX. To counteract these effects, antiapoptotic BCL2 family members such as BCL2, BCLX L and MCL1 bind and neutralize activated BAX and/or BAK 2, 6, 16, 24 as well as activated or overexpressed BH3-only family members, [25] [26] [27] [28] [29] [30] thereby preserving MOM integrity. Previous studies have shown that MOM permeabilization is often initiated by increases in BH3-only protein expression. For example, p53-dependent and -independent transcriptional processes upregulate NOXA and PUMA, 31, 32 inhibition of mitogen activated protein kinase signaling enhances BIM stability, 33, 34 inhibitors of the mechanistic target of rapamycin (mTOR) induce both BIM and PUMA, 35 and inhibition of the proteasome pathway upregulates NOXA through multiple mechanisms. [36] [37] [38] Importantly, downregulation of the indicated BH3-only proteins impairs killing by each of the indicated treatments, [32] [33] [34] [35] 37, 38 indicating the critical role of BH3-only protein upregulation in the cytotoxicity of these stresses. Despite extensive qualitative observations such as these, however, quantitative information regarding the extent of BH3-only protein upregulation required to induce apoptosis and the ability of different cells to survive this upregulation is limited.
An assay called 'BH3 profiling' is being widely evaluated for its ability predict sensitivity to BH3 mimetics 39, 40 or therapies that induce upregulation of BH3-only proteins. 41, 42 This assay involves treating mitochondria or permeabilized cells with isolated BH3 peptides and measuring cytochrome c release or mitochondrial depolarization. In a recent modification termed 'dynamic BH3 profiling,' cells are exposed to potential anticancer drugs versus diluent and assayed for BIM BH3 peptideinduced mitochondrial depolarization. 43 Both of these assays involve rupture of the plasma membrane followed by introduction of isolated BH3 peptides and measurement of mitochondrial events, thereby limiting the information that can be gained regarding the role of endogenous BH3-only proteins 2 and non-mitochondrial antiapoptotic BCL2 family members 44 in cellular responses to particular stresses. Additional studies indicate that antiapoptotic BCL2 family members act as a network that buffers activation of BAX and BAK 2, 45 and suggest, contrary to earlier findings, 29 that various antiapoptotic proteins might have somewhat equivalent roles in this network. 46 Previous reports also indicate that each of the BH3-only proteins can induce apoptosis upon forced overexpression. 4, 14, [25] [26] [27] [28] [29] [30] Variation in the ability of different cells to tolerate increases in these proteins, however, has not been fully explored.
Building on earlier landmark work showing qualitatively that overexpressed BH3-only proteins induce apoptosis and overexpressed antiapoptotic BCL2 family members inhibit this effect, [25] [26] [27] [28] [29] [30] the current study quantifies BH3-only protein action during anticancer drug-induced cellular demise. This study introduces a new parameter termed BH3-only tolerance, which is the amount of BH3-only protein beyond which only a small fraction of a cell population can survive. Here we show that BH3-only tolerance not only varies from cell line to cell line, but also changes more with alterations in expression of antiapoptotic BCL2 family members than with changes in endogenous BH3-only proteins.
Results

BH3
-only protein upregulation in response to proapoptotic stimuli. Although BH3-only proteins increase in response to various stimuli, it is difficult to assess the extent of this upregulation in most previous studies. Accordingly, two malignant lymphoid cell lines, Jurkat (T-cell acute lymphoblastic leukemia) and SKW6.4 (Epstein-Barr virustransformed B lymphocytes) were treated with a number of established and investigational anticancer agents. After identifying drug concentrations that induce apoptosis in the sensitive Jurkat cell line (Supplementary Figure S1) , we examined changes in BH3-only proteins previously shown to be critical for killing by these agents. 34, 35, 37, 38 The proteasome inhibitor bortezomib induced 3-fold increases in BIM and 8-to 16-fold increases in NOXA ( Figure 1a) ; the Nedd8-activating enzyme inhibitor pevonedistat-induced negligible to 3-fold increases in BIM and 4-fold increases in NOXA ( Figure 1b) ; the mTOR dual inhibitor TAK-228 induced 2-to 3-fold increases in BIM and 2-to 10-fold increases in PUMA ( Figure 1c) ; and the farnesyltransferase inhibitor tipifarnib induced 2-to 3-fold increases in BIM in the sensitive Jurkat line but no discernible increase in BIM or NOXA in the resistant SKW6.4 line (Figure 1d ). Given the critical role of these BH3-only protein increases in drug-induced killing, 34, 35, 37, 38 these results suggested that cells can only tolerate a certain degree of BH3-only protein upregulation before dying.
Baseline levels of BH3-only proteins. Although the preceding results showed that various treatments upregulate BH3-only proteins, they did not indicate whether these proteins are abundant or rare. Accordingly, we purified 13 BCL2 family members to homogeneity and used them as standards to quantitate endogenous levels in both Jurkat and SKW6.4 cells. As indicated in Figure 2 , BID, the inactive precursor of the activator BH3-only protein tBID, was the most abundant BCL2 family member at 1.4-1.7 × 10 5 copies per cell. The antiapoptotic proteins BCL2, BCLX L , MCL1 were next most abundant. The other BH3-only proteins were expressed in relatively modest amounts at baseline (0.8 × 10 3 to 4 × 10 4 molecules per cell). Aside from BID, all of the BH3-only proteins were expressed at much lower levels than antiapoptotic proteins, illustrating the potentially high buffering capacity of the antiapoptotic BCL2 family members in both of these cell lines. Moreover, BIM levels were particularly low in SKW6.4 cells (Figure 2 Determination of cellular tolerance for BH3-only proteins.
In further experiments, we examined the impact of EGFPconjugated BH3-only proteins (Supplementary Figure S2) on Jurkat and SKW6.4 cell survival using annexin-V staining, a well-established marker of apoptosis. 47, 48 When Jurkat cells were transfected with EGFP, 75-80% of the cells were simultaneously EGFP + and annexin-V − (Figures 3a and b) . In contrast, when cells were transfected with EGFP-BIM EL Figures 3d-j) . This level, which we term the BH3-only tolerance, varied among the BH3-only proteins. For example, the tolerance of Jurkat cells for BIM was~110 fluorescence units, whereas the tolerance for BIK was~240 fluorescence units (Figures 3d and h ).
To convert this EGFP fluorescence to molecules per cell, each flow cytometry experiment included beads with defined numbers of FITC molecules (Supplementary Figure S4a) . After fluorescence intensity versus FITC content was plotted for these beads, fluorescence of cells transfected with EGFP fusion proteins was compared with this standard curve to calculate FITC equivalents per cell. By comparing the fluorescence intensities of purified GST-EGFP (Supplementary Figure S4b Importantly, effects of BCL2 and MCL1 on tolerance of BIM EL , PUMA and NOXA differed (Figures 4b-e) . Contrary to the recent suggestion that all antiapoptotic BCL2 family members might have similar effects, 46 we observed that wild-type BCL2 and MCL1 increased the tolerance for BIM EL about equally (Figures 4b and e), whereas BCL2 preferentially increased PUMA tolerance ( Figure 4c ) and MCL1, which binds Noxa more tightly, 29, 37 preferentially increased NOXA tolerance (Figures 4d and e) . Interestingly, MCL1 also protected better than BCL2 against EGFP-BAD-induced apoptosis ( Figure 4a ) although BCL2 has a stronger affinity for BAD. 29 This paradoxical observation might reflect the finding that partially activated BAK is extensively bound to BCLX L in Jurkat cells 24 and, upon displacement by BAD, would be buffered better by MCL1. 49 When the impact of BIM siRNA was assessed, BIM knockdown by 90% (Figure 4f To further assess the impact of antiapoptotic BCL2 family members, we examined K562 and HCT116 cells, two lines with higher endogenous BCLX L and MCL1 levels ( Figure 5a ). In these lines, tolerance for all of the BH3-only proteins was higher (cf. Figures 5b and c versus Figure 3k ). This analysis accurately predicted that K562 cells would be tolerant of bortezomib-induced NOXA upregulation (Figures 5d-f) . In contrast, HCT116 cells readily underwent bortezomib-induced apoptosis, reflecting the higher basal and drug-induced levels of NOXA as well as the drug-induced upregulation of BIM, a less tolerated BH3-only protein, specifically in this line and not in K562 cells (Figures 5d-f) .
As might be expected, expression of multi-domain proapoptotic BCL2 family members also had a role in BH3-only protein tolerance. BAK gene interruption in Jurkat cells (Figure 6a ), which have much more BAK than BAX (Figure 2b) , markedly diminished the cytoxicity of BH3-only fusion proteins (Figure 6b) . Accordingly, the tolerance for various BH3-only proteins increased 3-to 15-fold with BAK knockout (cf. Figure 6c versus 3k) .
Changes in tolerance predict a novel chemotherapeutic combination. In further experiments, we examined whether changes in BH3-only tolerance could be utilized to predict therapeutic efficacy of new combinations. As indicated in Figure 7a , transfection with BIM diminished the tolerance for EGFP-NOXA. Accordingly, when Jurkat cells were treated with tipifarnib, which upregulates BIM, and pevonedistat, which upregulates NOXA (Figures 1b and d) , 34 ,38 low concentrations of tipifarnib synergistically enhanced pevonedistat-induced killing (Figures 7b and c) .
Discussion
Previous landmark studies have demonstrated that exogenously expressed BH3-only proteins induce apoptosis in susceptible cells and overexpressed antiapoptotic BCL2 family members inhibit this apoptosis. [25] [26] [27] [28] [29] [30] Building on these findings, this study not only provides the first quantitative estimate of BH3-only protein expression under basal and perturbed conditions, but also suggests that the ability of cells to tolerate BH3-only protein upregulation is a quantifiable cellular property that varies in measurable, informative and largely predictable ways. Results of this quantitation provide new insight into the action of anticancer drugs in different cellular contexts, the relative importance of anti-versus proapoptotic BCL2 family members in setting the apoptotic threshold, and the potential of various drugs to combine in a synergistic fashion.
In this study, we have developed methods for quantitating relative cytotoxicity of proapoptotic BCL2 family members. In particular, we have defined a parameter termed BH3-only tolerance that is the amount of BH3-only protein beyond which only 2% of the cells are alive. It is important to emphasize that the 2% survival cutoff is arbitrary and similar conclusions are obtained with other cutoffs such as 5 or 10% (data not shown).
Measurement of BH3-only tolerance as described above differs in several important respects from BH3 profiling, a procedure in which BH3 peptides are applied to mitochondria to assess MOM permeabilization. [39] [40] [41] [42] In particular, the present study utilizes full-length BH3-only proteins, which differ in the strengths of their protein-protein interactions compared with isolated BH3 peptides, 49 and places those BH3-only proteins in the context of cellular signaling networks 2,45 rather than isolated mitochondria. Thus, although BH3 profiling is being explored as a strategy to predict sensitivity or resistance of particular cell lines or cancers to specific treatments, 50 measurement of BH3-only tolerance has the potential to provide insight into endogenous signaling networks within intact cells that include BCL2 family members bound to surfaces other than the MOM. 44, 51 Despite its potential usefulness in understanding the action of drugs that upregulate BH3-only proteins, measurement of BH3-only tolerance also has some limitations. First, because it measures cell death at a fixed point in time, it might underestimate the number of cells ultimately killed by overexpressed BH3-only proteins. A similar limitation currently applies to all cell death assays. Second, by its very nature BH3-only tolerance is designed to understand sensitivity to agents that upregulate BH3-only proteins but likely will not predict sensitivity to BH3 mimetics, which work through interrupting interactions among BCL2 family members. Finally, measurement of BH3-only tolerance requires successful transfection of cells and, in contrast to BH3 profiling, is unlikely to be feasible as a clinical test.
Measurement of BH3-only protein tolerance provides interesting insight into the balance between pro-and antiapoptotic proteins. In particular, when expression of direct activator BH3-only proteins such as BIM or PUMA is increased, the amounts of these BH3-only proteins that can be tolerated before the majority of cells in a population undergo apoptosis approximates the difference between the basal levels of pro-and antiapoptotic BCL2 family members in that cell type (cf. Figures 2b,3k and l) . In Jurkat and SKW6.4 cells, the tolerance for BIK, BMF or NOXA is similar to that of BIM EL or PUMA (Figures 3k and l) , consistent with claims that BIK, BMF and NOXA might also be direct activators in at least some contexts. 2, 20, 23, 52 In contrast, the tolerance for BAD is much higher than the tolerance for BIM and PUMA in all cell lines examined (Figures 3k, 3l, 5b and c) . This difference between BAD and the other BH3-only proteins was particularly evident in cells with relatively low expression of BCL2 and BCLX L (Figures 3k and l) . In cells with higher BCLX L levels, tolerance for all of the BH3-only proteins was greater (Figures 5b and c versus Figures 3k and 3 l) , and the distinction between BAD and some of the other BH3-only proteins, notably NOXA and BIK (Figures 5b and c) was less clear. Although the higher tolerance for BAD across the cell lines might represent another distinction between activator and sensitizer BH3-only proteins, it is also possible that the higher tolerance reflects phosphorylation and sequestration of BAD, which is a well known mechanism for inactivating this particular BH3-only protein.
The approach described above also provides a new perspective for examining the action of individual anticancer drugs. For example, the present analysis indicates that 98% of Jurkat cells undergo apoptosis within 24 h when an average of 150 000 NOXA molecules per cell are expressed (Figure 3k ). Further examination of histograms leading to this conclusion (e.g., Figure 3f ) indicates that expression of~75 000 NOXA molecules per cell induces apoptosis in half the population. Additional experiments indicate that 15 nM bortezomib induces~15-fold upregulation of NOXA (Figure 1a) , which is expressed at~6000 copies per cell at baseline (Figure 2b) , leading to~90 000 NOXA molecules per Jurkat cell. These independent determinations of BH3-only protein sensitivity ( Figure 3 ) and expression (Figures 1 and 2 ) are consistent with our observation that 66 ± 7% of Jurkat cells are apoptotic 24 h after addition of 15 nM bortezomib (Supplementary Figure S1  and ref. 37 ). Moreover, the fact that analyses involving endogenous Noxa (Figures 1 and 2 ) and EGFP-Noxa (Figure 3 ) yield comparable quantative results suggests that the actions of EGFP-Noxa and native endogenous Noxa are similar. Similarly, histograms exploring sensitivity to EGFP-BIM EL (2% survival at 120 000 molecules per cell, 60% survival at 25000 molecules per cell, Figure 3d ) concur with results showing that 200 nM tipifarnib, which induces upregulation of BIM EL to roughly 25 000 molecules per cell (Figures 1d and 2b) , kills 30-40% of cells (Supplementary Figure S1 and (Figures 5b and c) . It is possible that these differences reflect the presence of other binders for these proteins in certain cell types. 53, 54 Whatever the cause, the higher tolerance for NOXA accurately predicts K562 cell resistance to bortezomib. In contrast, bortezomib also upregulates BIM (Figure 5e ), a less tolerated BH3-only protein in HCT116 cells (Figure 5c ), explaining why these cells are killed by bortezomib (Figure 5d ) despite their high tolerance of NOXA.
Consistent with earlier qualitative studies, [25] [26] [27] [28] [29] [30] the present analysis suggests that apoptosis is governed by the balance between the number of BH3-only protein molecules present and the ability of cells to tolerate an increase in those proteins. For example, although the bortezomib-induced rise in Noxa is roughly 15-fold in both Jurkat and K562 cells (Figures 5e and  f) , Jurkat cells undergo apoptosis and K562 cells do not (Figure 5d ). This appears to reflect the fact that the increase in Jurkat cells, albeit smaller in terms of the absolute number of molecules (Figure 5e) , takes the Noxa level above the level that Jurkat cells can tolerate (Figure 3k ), whereas the increase in K562 cells does not exceed the ability of K562 cells to survive with Noxa present (Figure 5b ).
The present approach also helps understand the action of certain combinations. In particular, the present analysis suggests that upregulation of one BH3-only protein leads to increased sensitivity to another (Figure 7a) , likely reflecting the fact that pro-and antiapoptotic BCL2 family members form a network that serves to buffer changes in death signaling. 2, 45 As illustrated by the tipifarnib/pevonedistat combination (Figures 7b and c) , the ability of individual drugs to upregulate complementary BH3 proteins can be utilized to identify drug combinations that induce synergistic killing in vitro.
Finally, this study also provides insight into the relative importance of anti-and proapoptotic proteins in setting the apoptotic threshold. In particular, we observed that overexpression of antiapoptotic BCL2 family members impacts the buffering capacity of sensitive cells much more than downregulation of endogenous BIM (Figure 4e versus 4j) . These observations have several implications. First, they confirm that BH3-only tolerances are not a fixed property of cells, but instead vary depending on the expression of other pro-and antiapoptotic proteins (Figure 4 ), which in turn reflect conditions in which those cells find themselves. 4, 6 Second, the observation that antiapoptotic BCL2 family members preferentially impact BH3-only tolerance provides an explanation for the ability of a short-lived BCL2 family member like MCL1 to modulate apoptosis so effectively. 4, 55 Third, the observation that individual antiapoptotic BCL2 paralogs affect tolerances of various BH3-only proteins somewhat differently (Figure 4e ) provides additional support for the notion that antiapoptotic BCL2 family members have somewhat specialized functions (e.g., Noxa binding preferentially to MCL1 over BCL2) 29, 37 rather than being equivalent. Finally, our observation that apoptotic tolerances are affected more by overexpression of antiapoptotic BCL2 family members than by downregulation of BH3-only family members also provides a potential biochemical explanation for the observation that amplification of the BCLX and MCL1 genes is much more common than mutation or deletion of genes encoding BH3-only proteins during cancer development. . Notably, all polyclonal antibodies to BCL2 family members except BIK were raised against epitopes that excluded the N-terminus per se. Anti-S peptide antibody was raised as described. 56 Protein expression and purification. Plasmid encoding BakΔTM (GenBank BC004431, residues 1-186) in pET29b(+) 57 was a kind gift from Qian Liu and Kalle Gehring (McGill University, Montreal, Canada). Procedures to purify His 6 -tagged PUMA, BAD, tBID, NOXA and BAKΔTM 20, 21, 37 as well as BCL2ΔTM, BCLX L ΔTM and MCL1ΔTM 24, 49 have been previously described. The EGFP open reading frame was cloned into pGEX-4 T-1 to yield a construct with EGFP fused at its N-terminus to GST. The open reading frames for BIK (GenBank BC001599) and BMF (GenBank BC069328) were cloned into pET29a(+) with an S peptide tag at the N-terminus and His 6 tag on the C-terminus. All plasmids were sequenced to verify the described alteration and confirm that no additional mutations were present.
Plasmids were transformed into E. coli BL21 by heat shock. After cells were grown to an optical density of 0.8, IPTG was added to 1 mM and incubation was continued for 3 h at 37°C (GST-EGFP, S-BIK-His 6 , S-BMF-His 6 ). Bacteria were then washed and sonicated intermittently on ice in TS buffer (150 mM NaCl containing 10 mM TrisHCl (pH 7.4) and 1 mM PMSF). All further steps were performed at 4°C.
After GST-EGFP was incubated with glutathione-agarose for 4 h at 4°C, beads were washed twice with 20-25 volumes of TS buffer and eluted with TS containing 20 mM reduced glutathione for 30 min at 4°C.
After S-BIK-His 6 and S-BMF-His 6 were applied to S protein-agarose overnight at 4°C, columns were washed with 20 volumes of TS buffer and eluted with 3 M MgCl 2 for 30 min at 4°C.
Cell culture. Cell lines were obtained from the following sources: Jurkat (T-cell ALL) from Paul Leibson (Mayo Clinic, Rochester, MN, USA); SKW6.4 (B cell ALL) from American Type Culture Collection (Manassas, VA, USA); K562 (CML blast crisis) and HCT116 (colon cancer) from Richard Jones and Bert Vogelstein, respectively (both at Johns Hopkins University). All cell lines were authenticated by short tandem repeat profiling in the Mayo Clinic Advanced Genomics Technology Center. Leukemia cell lines were maintained at densities below 10 6 cells/ml in RPMI-1640 medium containing 10% heat-inactivated fetal bovine serum, 100 units/ ml penicillin G, 100 μg/ml streptomycin and 2 mM glutamine.
BAK gene interruption. Oligonucleotides (5′-ACGGCAGCTCGCCATCATCG -3′) guiding to nucleotides 162-184 of the human BAK open reading frame (GenBank accession number AF520590.1) were synthesized, annealed, and cloned into the BsmBI site of the lentiCRISPRv2 (Addgene, Cambridge, MA, USA) plasmid. Viruses were packaged in HEK293T cells by transfecting with the packaging vector psPAX2, envelope vector pMD2.G, and lentiCRISPRv2-Bak(162-184) using Lipofectamine 2000. Culture supernatants were filtered and incubated with log phase Jurkat cells for 48 h. Two days after viral transduction, Jurkat cells were selected with 3 μg/ml puromycin and cloned by limiting dilution. BAK knockout was verified by genomic DNA sequencing and immunoblotting.
Apoptosis assays. Staining with APC-coupled Annexin-V was performed and analyzed as previously described. 45 Alternatively, after drug treatment, cells were stained with propidium iodide in 0.1% (w/v) sodium citrate containing 0.1% (w/v) Triton X-100 to quantitative subdiploid events as described. 45 Samples were subjected to flow microfluorimetry using a Becton Dickinson FACSCanto II flow cytometer (Becton Dickinson, Mountain View, CA, USA) and analyzed using Becton Dickinson CellQuest software.
Western blotting. Cells exposed to increasing concentrations of indicated drugs for 24 or 48 h were pelleted for protein isolation. To calculate the protein expression per cell, whole-cell lysates were prepared as described previously. 58 Protein from 3 × 10 5 cells and measured amounts of purified BCL2 family proteins were loaded as indicated in the figure legends. Alternatively, serial dilutions of cells treated with the highest drug concentration were included on each blot (e.g., Figure 5 ). Sample preparation, SDS-PAGE, transfer to nitrocellulose membrane, immunoblotting and detection by enhanced chemiluminescence were performed as described. 58 Films exposed in the linear range were scanned on a Hewlett Packard Scanjet 4C scanner (Hewlett Packard, Palo Alto, CA, USA) and quantified using Image J software (https:// rcsb.info.nih.gov). Protein levels were calculated based on standard curves contained on each blot and generated from each independent experiment.
Mammalian expression plasmids and transfection. Plasmid encoding S peptide-tagged wild-type BCL2 and S peptide-tagged MCL1 were described before. 45, 49 cDNAs encoding human BIM EL (GenBank AF032457), PUMA (GenBank NM_001127242), NOXA (GenBank NM_021127), BAD (GenBank AF021792), BIK (GenBank BC001599), BMF (GenBank BC069328) and HRK (GenBank U76376) were cloned into the XhoI and BamHI sites of pEGFP-C1 (Clontech, Mountain View, CA, USA) to yield EGFP-tagged constructs.
To assess the tolerance for BH3-only proteins, log phase cells growing in antibioticfree medium were transiently transfected with the indicated plasmid using a BTX 830 square wave electroporator delivering a single pulse at 240 mV for 10 msec. Cells were incubated for 24 h and analyzed for APC-annexin-V binding.
For MCL1 or BCL2 overexpression assays, log phase Jurkat cells suspended in 400 μl cytomix 59 containing 40 μg pSPN (or pSPN encoding BCL2 or MCL1) and 5 μg plasmid encoding mCherry were transfected by electroporation on day 1 as described in the preceding paragraph. On day 2, cells were transfected with 10 μg EGFP-tagged BH3 protein constructs. On day 3, cells were collected, stained with APC-annexin-V and analyzed on a Becton Dickinson LSRII flow cytometer (Becton Dickinson) using the following lasers and filters: mCherry, 532 nm laser, 610/20 filter; EGFP, 488 nm laser, 530/30 filter; APC, 633 nm laser, 660/20 filter. After collection of 100 000 events, binding of APC-annexin-V was assessed on cells that were positive for both mCherry and EGFP. Alternatively, for the tolerance assay, mCherry + APC − cells were gated.
Calculation of BH3-only tolerance. After transient transfection and staining with APC-coupled annexin-V as described above, 100 000 events were collected on a Becton Dickinson FACSCalibur flow cytometer and analyzed by gating on APC − cells. To estimate the BH3-only protein tolerance, we arbitrarily set a cutoff such that only 2% of selected cells expressed higher EGFP levels. During each experiment, calibration beads containing known amounts of FITC were also assayed; and the cutoffs were converted into the FITC equivalents. As illustrated in Supplementary Figure 4 , the relationship between FITC equivalents and EGFP expression (a linear factor of 4.69) was established by measuring FITC and EGFP fluorescence between 515 and 545 nm using the same excitation laser on a fluorimetric plate reader.
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